Malaria infections cause several systemic and severe single-or multi-organ pathologies, killing hundreds of thousands of people annually. Considering the existing widespread resistance of malaria parasites to anti-parasitic drugs and their high propensity to develop drug resistance, alternative strategies are required to manage malaria infections. Because malaria is a host immune response-driven disease, one approach is based on gaining a detailed understanding of the molecular and cellular processes that modulate malaria-induced innate and adaptive immune responses. Here, using a mouse cerebral malaria model and small-molecule inhibitors, we demonstrate that inhibiting MEK1/2, the upstream kinases of ERK1/2 signaling, alters multifactorial components of the innate and adaptive immune responses, controls parasitemia, and blocks pathogenesis. Specifically, MEK1/2 inhibitor treatment up-regulated B1 cell expansion, IgM production, phagocytic receptor expression, and phagocytic activity, enhancing parasite clearance by macro-
cule 1 (ICAM-1) and vascular cell adhesion molecule 1 (12) . Furthermore, infection-induced pro-inflammatory cytokines promote exaggerated Th1 responses, leading to enhanced cytotoxicity of lymphocytes. These processes are amplified in a cooperative feed-forward manner, contributing to chemotaxisdependent infiltration of cytotoxic lymphocytes to the brain and other vital organs. Thus, when IRBCs adhere in organs, the eventual consequence is endothelial barrier damage and severe pathologies characterized by cerebral malaria (CM), pulmonary edema, intestinal bleeding, liver dysfunction, renal failure, splenic rupture, and intravascular hemolysis and fatality (8, (13) (14) (15) (16) . Because balanced production of both pro-/anti-inflammatory cytokines and Th1/Th2 responses results in positive clinical outcomes, modulation of inflammatory responses by blocking specific targets of signaling pathways involved in immune responses is likely to be effective in preventing malaria pathogenesis.
Pro-inflammatory cytokines produced by innate immune cells in response to malaria parasites are primarily triggered by TLR9 through the activation of ERK, p38, and JNK MAPK signaling pathways (17, 18) . We previously showed that these pathways differentially regulate pro-inflammatory responses to malaria (19) . MAPK pathways play crucial roles in immune responses to various pathogenic infections, including malaria, and MAPK-regulated processes trigger disease pathogenesis (20 -22) . Therefore, understanding how the MAPK signaling pathways modulate malaria-induced immune responses is likely to be useful in identifying specific targets to develop strategies to prevent severe malaria pathogenesis. However, very little is known about how MAPK signaling events regulate immune responses involved in malaria immunity and pathogenesis. In this study, by using P. berghei ANKA (PbA)-infected C57BL/6 mice, an established model of experimental cerebral malaria (ECM) (23, 24) , we studied the immunomodulatory effects of inhibitors of MEK1/2, the kinases immediately upstream of ERK1/2 in the signaling cascade, on immune responses to malaria and ECM pathogenesis. Several interesting findings emerged. MEK1/2 inhibitor treatment resulted in B1 cell expansion, IgM production, phagocytic receptor expression, and phagocytosis of parasites by macrophages (Ms) and neutrophils (PMNs) and thus contributed to a marked increase in parasite clearance. MEK1/2 inhibitor treatment also downregulated pro-inflammatory responses by innate immune and T cells, reduced infiltration of immune cells into the brain, and prevented pathogenesis of ECM. Thus, our results provide significant new information on the effect of MEK1/2 inhibitor treatment in immune responses that contribute to malaria pathogenesis.
Results

Inhibitors of MEK1/2 prevent severe malaria pathogenesis
To determine the immunomodulatory role of MEK1/2 in severe malaria pathogenesis, we targeted these kinases by using small-molecule inhibitors and analyzed parasite growth kinetics, clinical episodes, and survival of the host in the mouse CM model. Although the present study used the ECM model, the knowledge gained may be generally applicable to other forms of severe malaria illnesses. The MEK1/2 were targeted with PD98059 (PD), a specific inhibitor. To ensure that the observed effects were not due to a direct anti-parasitic effect of PD, we tested whether PD has an inherent parasite growth-inhibitory property. Cultured P. falciparum treated with even 200 M PD grew normally (Fig. 1A) . PbA parasites treated ex vivo with 24 g/ml or 48 g/ml PD were as healthy as those of untreated control parasites, whereas parasites treated with 400 ng/ml chloroquine died as indicated by shrunken and disrupted mass (Fig. 1B) . The maximum PD concentration in the blood of mice administered with 3-mg/kg dose is ϳ38 g/ml based on ϳ2 ml of blood of an adult mouse weighing ϳ25 g (Johns Hopkins University Animal Care and Use Procedure. The Mouse). Actually, the effective concentration of PD would be lower than 38 g/ml because of in vivo absorption and clearance dynamics, so PD has no direct anti-parasitic effect on PbA at concentrations well above that used in infected mice (see below). Thus, PD was suitable to study the modulatory effects of MEK1/2 inhibition on parasitemia control and host immune responses and survival. In preliminary experiments, administering 2-5 mg of PD/kg body weight by injection intraperitoneally (i.p.) daily starting at 6 h postinfection (pi) showed that 3 mg/kg body weight is optimal to prevent PbA infection-induced ECM pathogenesis. Hence, we used this condition in all experiments performed here. At 1 day pi, measurable levels of ERK1/2, p38, and JNK activation were not observed (not shown) due to the fact that significant parasitemia was not established at this time. At 3 and 5 days pi, the time points at which significant infection was established, the phosphorylation of ERK1/2 was substantially reduced in splenocytes from PD-treated (PbA-PD) versus control (vehicle-treated, PbA) mice (Fig. 1, C and D) . At 3 and 5 days pi, PD did not inhibit the activation of p38 and JNK, as indicated by the comparable levels of phospho-p38 and phospho-JNK in the splenocytes of vehicle-treated and PD-treated mice (Fig. 1, C and D) . Consistent with the observed significant inhibition of ERK1/2 activation, the expression of c-Jun was significantly decreased in the splenocytes of PD-treated mice at both 3 and 5 days pi ( Fig. 1, C and D) . The expression of c-Fos was also significantly decreased in PD-treated mice at 5 days pi. However, at 3 days pi, c-Fos expression was very low in both untreated and PD-treated infected mice, and no measurable change was evident ( Fig. 1, C and D) . Together, the above results suggested that PD inhibits mainly the activation of ERK1/2 but not that of p38 and JNK signaling in malaria-infected mice.
To confirm the observed effect of PD on MAPK signaling in malaria-infected mice, we tested trametinib (GSK1120212), a Food and Drug Administration-approved anti-cancer drug that has been reported to specifically target MEK1/2 (28) . In a preliminary survival study, we treated PbA-infected mice with 0.5, 1, 2, 4, or 5 mg of trametinib/kg body weight. 0.5-, 1-, and 2-mg/kg doses showed partial protection; only 33-50% of mice survived for 10 -12 days. However, with 4-and 5-mg/kg doses, 80 -90% of mice survived for Ͼ20 days; of these two doses, 5 mg/kg showed somewhat better protection. Therefore, subsequently, detailed studies were performed using the 5-mg/kg dose. As in the case of PD, at both 3 and 5 days pi, trametinib efficiently inhibited ERK1/2 phosphorylation and the expres-Targeting MEK1/2 prevents malaria pathogenesis sion of c-Jun in splenocytes of infected mice (Fig. 1, C and D) . Trametinib efficiently inhibited the expression of c-Fos as well at 5 days pi. However, in contrast to PD, at 3 and 5 days pi, trametinib inhibited moderate to substantial levels the phosphorylation of p38 but not that of JNK. Thus, trametinib, in addition to efficiently inhibiting the activation of ERK and the expression of c-Fos and c-Jun, significantly inhibited the phosphorylation of p38.
To determine the immunoregulatory effect of MEK1/2 inhibitor treatment on malaria pathogenesis, we assessed the progression of ECM by treating PbA-infected mice with PD or vehicle. By 7 days pi, all control mice developed severe CM, exhibiting ataxia, limb paralysis, seizures, coma, and lack of sensory and motor functions that are the characteristic neurological symptoms of CM (25-27) ( Fig. 2A ). All control mice died between 7 and 10 days pi (Fig. 2B ). In contrast, the majority (ϳ85%) of PD-treated mice showed negligible CM symptoms and survived for 2-3 weeks even after the treatment was stopped. The remaining ϳ15% of the treated mice died despite exhibiting mild clinical symptoms. Interestingly, parasitemia was significantly reduced during PD treatment, continued to decline until 12 days pi, and remained low until 16 days pi, although treatment was stopped at 7 days pi ( Fig. 2C ). Because PD has no direct anti-parasitic effect, the data suggested that immune-mediated mechanisms control parasitemia. Nine days after PD treatment was stopped, parasitemia increased exponentially. Despite the parasitemia increase, the PD-treated mice did not experience CM symptoms, likely because of significantly reduced cytotoxic activity of T cells and decreased infiltration of T cells (see Fig. 11 ), which are the key factors that contribute to CM in this malaria model (15) . Eventually, the PD-treated mice died due to marked consumption of red blood cells.
To confirm the observed immunomodulatory effects of PD on parasitemia and pathogenesis, we examined the effects of trametinib on ECM. Trametinib treatment also decreased neurological symptoms and fatality and reduced parasitemia ( Fig.  2 , D-F). Together, the data demonstrated that the MEK1/2 inhibitor treatment positively contributes to host immune responses that control parasitemia and block pathogenesis.
Next, to assess the brain pathology, we analyzed PD-treated and control PbA-infected mice. Common features of CM pathology in both humans and mice include adherence of IRBCs in the brain, infiltration of immune cells, edema, blood coagulation, micro-hemorrhages, disruption of blood-brain barrier (BBB), and vascular leakage in the brain (15, (25) (26) (27) . We examined the function of the BBB by injecting Evans blue, a dye that binds to serum albumin. Extraction of the perfused brains revealed substantially lower amounts of the dye in the brains of PD-treated mice than in control mice, indicating that PD treat- Chloroquine, which can completely inhibit the parasite growth, was used as a control. B, the effect of PD on PbA growth was assessed by culturing blood cells from infected mice in the presence of PD. Untreated and chloroquine-treated parasites were used as controls. Shown are photographs under light microscopy of Giemsa-stained smears of cells. C and D, PbA-infected mice were injected i.p. with 3 mg of PD/kg body weight or vehicle daily starting at 6 h pi. Separately, PbA-infected mice were treated orally with either vehicle or 5 mg of trametinib/kg body weight daily starting at 6 h postinfection. At the indicated time points, spleens of mice (n ϭ 2/group) were analyzed for MAPK activation and for c-Jun and c-Fos expression by Western blotting (C). The protein bands on blots were quantified by densitometry measurements and plotted (D). Shown are the results of a representative of two independent experiments. UI, uninfected mice; PbA, vehicle-treated infected mice (control); PbA-PD, PD-treated infected mice; PbA-T, trametinib-treated infected mice. Error bars, S.D.
Targeting MEK1/2 prevents malaria pathogenesis ment markedly prevented vascular leakage (Fig. 3, A and B) . Consistent with these results, substantially enlarged and disrupted blood vessels and massive coagulation of RBCs were prominent in the H&E-stained brain sections of control mice ( Fig. 3, C2, D2 , and E-G). Additionally, sequestered IRBCs (black arrows), infiltrated lymphocytes (arrowheads), and condensed neuronal cells (white arrows) were seen in the brains of control mice ( Fig. 3 , D2, E, and F). These abnormalities were rarely present in uninfected ( Fig. 3 , C1 and D1) or PD-treated, infected mice ( Fig. 3 , C3 and D3). Treatment with trametinib also similarly prevented vascular leakage ( Fig. 3 , H and I), blood coagulation, endothelia damage, and infiltration of lymphocytes ( Fig. 3 , J-N). Overall, the above results indicated that MEK1/2 inhibitor treatment significantly enhances parasite clearance and impedes ECM pathogenesis.
MEK1/2 inhibitor treatment enhances phagocytic clearance of parasites, controlling parasitemia
In malaria infection, the growth of parasites is controlled primarily by the phagocytic clearance of IRBCs (29) , and large parasite biomass due to rapid growth of parasites is a risk factor for malaria pathogenesis (11, 30, 31) . To determine the effect of MEK1/2 inhibitor treatment in controlling parasitemia and the underlying mechanisms, we assessed the phagocytosis of IRBCs by spleen and liver Ms and PMNs by injecting CFSE-stained PbA IRBCs into PD-treated and control mice at 4 days pi. After 18 h, the phagocytosis of IRBCs by spleen PMNs, marginal zone Ms (MM), marginal zone metallophilic Ms (MMM), and red pulp Ms (RPM) (32) , gated as shown in Fig. 4A , was ϳ2-17fold higher in PD-treated mice than in control mice ( Fig. 4B and supplemental Fig. S1 ). The phagocytosis of IRBCs by liver PMNs, inflammatory Ms (Ly6C hi Ly6G Ϫ ), CD11b hi F4/80 hi Ms, and Kupffer cells (CD11b lo F4/80 hi ) ( Fig. 4C ) was ϳ2-18fold higher in PD-treated mice than in control mice ( Fig. 4D and supplemental Fig. S1 ), suggesting that enhanced phagocytic activity upon MEK1/2 inhibitor treatment contributes to the observed reduced parasitemia. Thus, we showed that immune responses modulated by MEK1/2 inhibitor treatment up-regulate the capacity of spleen and liver PMNs and various M subsets to clear parasites by phagocytosis.
Scavenger receptors, especially CD36, Fc receptors, and complement receptors (CRs), play important roles in IRBC phagocytosis (29, 33, 34) . Consistent with increased phagocytosis, at 5 days pi, the frequencies of spleen PMNs, expressing Fc␥II/IIIR and CD36, and several M subsets, expressing various phagocytic receptors, were significantly higher in PD-treated mice than in control mice ( Fig. 4E and supplemental Fig. S2A ). Specifically, the M subsets that expressed increased levels of phagocytic receptors in PD-treated mice include MMM and RPM expressing CD36, MM and RPM expressing MARCO (another scavenger receptor), MM and MMM expressing Fc␣/R, and MMM expressing CR1/CR2. Similarly, the frequencies of CD36-, Fc␣/R-, Fc␥II/IIIR-, and CR1/CR2-expressing liver PMNs, Fc␣/R-and CR1/ CR2-expressing inflammatory Ms, CR1/CR2-expressing Kupffer cells, and Fc␣/R-, Fc␥II/IIIR-, and CR1/CR2-expressing CD11b hi F4/80 hi Ms were substantially higher in PD-treated mice than in control mice ( Fig. 4F and supplemental Fig. S2B ). Thus, these results indicated that MEK1/2 inhibitor treatment up-regulates the expression of phagocytic receptors by spleen and liver PMNs and various M 
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subsets in response to malaria infection, increasing the phagocytic clearance of parasites.
Antibody-mediated control of parasitemia through opsonization of IRBCs and merozoites and subsequent phagocytosis represents an important component of protective immunity to malaria (35) . At early stages of infection, IgM is the predominant antibody produced in response to pathogenic infections, including malaria. IgM is known to control the growth of various pathogens, including malaria parasites, and provide resistance against infections (36, 37) . In addition to promoting phagocytosis, IgM can also reduce inflammatory responses by promoting the clearance of dead Ms and PMNs 
and producing IL-10 (38 -41) . Further, IgM may play a role in clearance of phagocytic cells that die after ingesting IRBCs and uninvaded merozoites, thus removing stimulus for inflammation. At 5 days pi, the levels of total IgM and parasite-reactive IgM were ϳ2and 5-fold higher, respectively, in PD-treated mice than those in control mice ( Fig. 5A ). Significantly increased parasite-specific IgM was evident even at 3-day pi in PD-treated mice. Total IgM (natural plus parasite-specific IgM) was also increased at 3 days pi in PD-treated mice, but this increase was modest, because of high levels of preexisting natural IgM. These results demonstrated that MEK1/2 inhibitor treatment augments IgM production during early stages of infection.
IgM is mainly produced by B1 B cells, which are rapidly mobilized upon sensing of pathogens; B1a and B1b subpopulations produce natural IgM and antigen-specific IgM, respectively (41, 42) . Consistent with the increased IgM production upon PD treatment, at 5 days pi, the frequency and numbers of spleen B1a cells (CD5 ϩ CD19 hi CD23 Ϫ ) and B1b cells (CD5 Ϫ CD19 hi CD23 Ϫ ) were significantly increased in PD-treated mice compared with control mice (Fig. 5 , B and C). Even at 3 days pi, B1a and B1b cell numbers were increased ( Fig. 5C ).
To assess the role of IgM in clearance of parasites, we examined the phagocytosis of IRBCs treated with serum from the PD-treated infected mice compared with IRBCs treated with serum from control mice. The frequencies of spleen MM, MMM, and RPM M subsets from PD-treated mice that internalized IRBCs were significantly higher when IRBCs were treated with sera from PD-treated mice (Fig. 5D ). The frequencies of liver PMNs and CD11b hi F4/80 hi Ms from PD-treated mice were also significantly higher when IRBCs were treated with sera from PD-treated mice. Given that the expression of Fc␣/R and CR1/CR2 by phagocytes was markedly up-regulated in MEK1/2 inhibitor-treated mice (see Fig. 4 , E and F), we tested the effect of blocking these receptors. The frequencies of liver PMNs and CD11b hi F4/80 hi Ms that phagocytosed IRBCs treated with sera from PD-treated mice were substantially reduced when phagocytic cells were pretreated with anti-Fc␣/R or anti-CR1/CR2 antibody ( Fig. 5E ). In PbA-infected mice, the early antibody response consists mainly of IgM, significant IgG response usually occurs after 12 days pi, and immune complexes during the first week of infection consist mainly of IgM (43) . Fc␣/R and CR1/CR2 mediate the uptake of IgM-and complement-fixed antibody-bound IRBCs (44, 45) . Thus, the inhibitory effects of anti-Fc␣/R and anti-CR1/CR2 antibodies suggest that IgM-and IgM-immune complexmediated phagocytosis play significant roles in parasite clearance. Together, the above results strongly suggested that rapid B1 cell expansion, up-regulation of total and parasite-specific IgM, and elevated Fc receptor and CR1/CR2 expression by phagocytic cells contribute to the observed increased phagocytosis of IRBCs in MEK1/2 inhibitor-treated mice. Thus, MEK1/2 inhibitor treatment positively regulates the phagocytic clearance of malaria parasites by PMNs and Ms.
Treatment with MEK1/2 inhibitor differentially modulates pro-/anti-inflammatory responses to malaria
Blood stage malaria infection induces elevated production of pro-inflammatory cytokines, typically TNF-␣ and IFN-␥, during the early stages of infection, promoting robust Th1 responses and contributing to malaria pathogenesis (8, 13, 15) . Ideally, as the infection progresses, pro-inflammatory cytokine responses would be opposed by the production of anti-inflammatory cytokines and consequent Th2 polarization, resulting in balanced pro-and anti-inflammatory responses that reduce pathogenesis (46 -48) . To determine the effect of MEK1/2 inhibitors on malaria parasite-induced cytokine production, we analyzed serum TNF-␣, IFN-␥, and IL-10 after PbA infection and PD treatment. Compared with control mice, serum TNF-␣ and IFN-␥ levels were markedly decreased in PD-treated mice at both 4 and 6 days pi. However, compared with control mice, the serum level of IL-10 in PD-treated mice was higher at 4 days pi and lower at 6 days pi ( Fig. 6A ), suggesting that the kinetics of IL-10 response is faster in PD-treated mice than in untreated control mice.
DCs directly respond early to malaria infection and produce pro-inflammatory cytokines, which promote a strong Th1 development (49, 50) . Consistent with the observed decreased levels of serum pro-inflammatory cytokines (see Fig. 6A ), PDtreated mice at both 3 and 5 days pi showed significantly lower frequency of TNF-␣-producing CD8␣ ϩ and CD8␣ Ϫ DCs (Fig. 6 (B and C) and supplemental Fig. S3 ). Also, by 5 days pi, PDtreated mice had a significantly higher proportion of IL-10producing CD8␣ ϩ and CD8␣ Ϫ DCs than control mice ( Fig.  6C ). Further, in agreement with the reduced pro-inflammatory cytokine production and increased IL-10, both CD8␣ ϩ and CD8␣ Ϫ DCs in PD-treated mice were significantly less mature, as indicated by the decreased surface expression of costimulatory molecules, CD40, CD80, and CD86 ( Fig. 6D) .
In vivo, DCs interact with other immune cells, especially NK and T cells, resulting in DC-NK cell cross-talk and DC-T cell cross-talk, influencing immune responses. Thus, to determine whether PD directly targets DCs, we analyzed IRBC-induced cell activation and cytokine responses by bone marrow cellderived FLT3 ligand-differentiated DCs (FL-DCs). The activation level of DCs treated with PD was substantially lower than that of untreated DCs, as indicated by the lower surface expression of CD40, CD80, and CD86 in the former (Fig. 7A ). Further, PD-treated DCs produced significantly lower levels of IL-12 Targeting MEK1/2 prevents malaria pathogenesis than untreated DCs (Fig. 7B ). These results indicated that PD treatment directly modulates immune responses of DCs.
IFN-␥, a strong Th1 promoting cytokine, plays a key role in ECM and other forms of severe pathogenesis, and NK cells are a major source of IFN-␥ at early stages of malaria infection (15, 51) . NK cells from PD-treated mice produced substantially decreased levels of IFN-␥ and increased levels of IL-10 as indicated, respectively, by the decreased frequency of IFN-␥-producing and increased frequency of IL-10-producing NK cells ( Fig. 8, A and B) . Further, NK cells from uninfected mice, treated in vitro with PD, produced significantly lower IFN-␥ in response to IL-12/IL-18 stimulation than untreated NK cells ( Fig. 8C ), indicating that MEK1/2 inhibition directly modulates immune responses of NK cells. Because DC cytokine production shapes NK cell responses, the above results suggested that DC cytokine responses modulated upon MEK1/2 inhibitor treatment cooperatively contributed to decreased pro-inflammatory and increased anti-inflammatory responses by NK cells. 
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This conclusion is supported by the results of DC and NK cocultures. Upon stimulation with the TLR9 ligand CpG ODN 1826, cocultures of NK cells from uninfected mice and DCs from PD-treated mice produced significantly lower levels of IFN-␥ and higher levels of IL-10 than cocultures of NK cells from uninfected mice and DCs from control mice ( Fig. 8D ). Furthermore, cocultures of FL-DCs and NK cells from uninfected mice in which either cell type was treated or both were treated with PD also produced significantly decreased IFN-␥ in response to P. falciparum IRBCs (Fig. 8E ). Treatment of both DCs and NK cells with PD resulted in an almost complete loss of the IFN-␥ response and markedly increased production of IL-10. These data demonstrated that PD not only can act directly upon NK cells to reduce IFN-␥ production but also can act on DCs to decrease IFN-␥ and increase IL-10 production by NK cells. Thus, the inhibition of MEK1/2 results in reduced production of pro-inflammatory cytokines and increased production of anti-inflammatory cytokines by DCs and NK cells. Together, the above results showed that the MEK/12 inhibitor treatment not only directly down-regulates pro-inflammatory cytokine responses and up-regulates anti-inflammatory cyto- Targeting MEK1/2 prevents malaria pathogenesis kine responses to malaria by DCs and NK cells, but also modulates cooperative immune responses of DC and NK cell cross-talk.
MEK1/2 inhibitor treatment reduces infiltration of immune cells and T cell effector function in ECM
In ECM pathogenesis, granzyme B-expressing cytotoxic CD8 ϩ T cells that migrate to the inflamed brain are the major effector cells in the disruption of BBB (15, 52) . In addition, CD4 ϩ T cells enhance the infiltration of CD8 ϩ T cells by producing IFN-␥ to induce chemokine production (15, 51) . IFN-␥producing CD4 ϩ T and CD8 ϩ T cell numbers were substantially decreased in the spleens of PD-treated mice at both 4 and 6 days pi ( Fig. 9 (A-C) and supplemental Fig. S4 ). Also, PD treatment significantly increased IL-10 ϩ T cell numbers as early as 4 days pi. At 6 days pi, PD-treated mice showed an increased number of CD4 ϩ T cells producing IL-4, a Th2 cytokine. Consistent with a decreased Th1 response and an increased Th2 response, as indicated by cytokine responses, the numbers of splenic CD4 ϩ T and CD8 ϩ T cells that express T-bet, a transcription factor that promotes Th1 development, as well as numbers of cytotoxic CD8 ϩ T cells, were substantially lower in PD-treated mice (Fig. 9, B and C) . This correlated with an observed decrease in the number of granzyme B-expressing CD8 ϩ T cells in PD-treated mice (Fig. 9C) . Thus, MEK1/2 inhibitor treatment suppresses malaria-induced Th1 responses and promotes Th2 responses, accompanied by a marked decrease in the production of pro-inflammatory cytokines and granzyme B-expressing CD8 ϩ T cells.
DCs are known to activate and induce proliferation of T cells and shape T cells for antigen-specific immune responses. To determine the effect of MEK1/2 inhibitor in directly regulating T cell responses, we analyzed the effect of PD on cell activation, proliferation, and cytokine responses. Treatment of T cells from uninfected mice with PD and activation with anti-CD3⑀/ anti-CD28 antibodies resulted in reduced frequencies of CD69expressing CD4 ϩ T and CD8 ϩ T cells (Fig. 10, A and B) ; CD69 is an early T cell activation marker. Further, treatment with PD 
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and activation with the antibodies resulted in decreased proliferation of CD4 ϩ T and CD8 ϩ T cells compared with those of untreated cells, as indicated by the CFSE intensity ( Fig. 10C ). Furthermore, both CD4 ϩ T and CD8 ϩ T cells showed reduced expression of IFN-␥ and TNF-␣ (Fig. 10, D and E) . In addition, CD4 ϩ T cells exhibited increased expression of IL-4 and IL-10 ( Fig. 10, F and G) . These results demonstrated that MEK1/2 inhibitor treatment down-regulates T cell activation and proliferation and altered cytokine expression in response to immune stimulation. Given the down-regulated pro-inflammatory responses and up-regulated anti-inflammatory responses by DCs and that DCs shape T cell responses (53, 54) , the above data suggest that MEK1/2 inhibitor treatment results in the regulation of immune responses by DCs and T cells and their cross-talk.
Infiltration of monocytes/Ms, NK cells, and T cells contributes to the disruption of BBB and ECM pathogenesis (55, 56) . The numbers of total immune cells, PMNs, inflammatory Ms, and CD4 ϩ T and CD8 ϩ T cells were all markedly lower in the brains of PD-treated mice compared with control mice (Fig.  11A and supplemental Fig. S5 ). This reduction was reflected in a PD-induced decrease in the number of PMNs expressing CXCR2, the receptor for the PMN chemoattractant CXCL1; Ms expressing CCR2, the receptor for the M chemoattractant CCL5; and CD4 ϩ T and CD8 ϩ T cells expressing CXCR3, the receptor for the IFN-␥-induced T cell chemoattractant CXCL10 (Fig. 11A ). Consistent with these results, the production of chemokines CCL5, CXCL1, and CXCL10 was significantly lower in the brains of PD-treated mice (Fig. 11B ). Whereas the surface expression of chemokine receptor guides the chemotactic migration of T cells into the brain, cell adhesion molecules, predominantly ICAM-1 (a ligand for LFA-1), support the sequestration of T cells in the brain vasculature (57) . Immunohistochemical analysis of brain sections showed higher levels of ICAM-1 in the vascular beds of control mice than that in PD-treated mice (Fig 11, C and D) . Consistent with these results, numbers of CD11a (LFA-1)-expressing CD4 ϩ T and CD8 ϩ T cells were significantly lower in the brains of PDtreated mice ( Fig. 11E and supplemental Fig. S5 ). Importantly, the number of granzyme B ϩ cytotoxic CD8 ϩ T cells was markedly lower in the brains of PD-treated mice than in control mice (Fig. 11F ). Together, these results showed that MEK1/2 inhibitor treatment prevents brain pathology by reducing infiltration of inflammatory myeloid cells and cytotoxic T cells.
Discussion
Pathogenesis of cerebral and other severe malaria involves the participation of a series of host immune responses that are initiated upon blood stage infection and subsequently amplified, ultimately causing organ damage and dysfunction. The 
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initial trigger of pathogenesis is excessive and dysregulated production of pro-inflammatory cytokines by DCs upon pathogen receptor-mediated recognition of parasites (8, 13, 16) . Subsequently, cytokine-mediated signaling and interaction of activated DCs with other cells of the innate immune systems, such as NK and ␥␦ T cells, amplifies the pro-inflammatory response, leading to strong Th1 and cytotoxic CD8 ϩ T cell effector responses. In parallel, the sequestration of parasites via the adherence of IRBCs results in the activation of endothelia and subsequent infiltration of activated myeloid cells and then Th1 cells, creating a strong inflammatory environment in organs. Consequently, granzyme B-and perforin-expressing cytotoxic CD8 ϩ T cells infiltrate and cause BBB damage and subsequent organ dysfunction (15) .
The malaria-induced pro-inflammatory responses by DCs are the downstream output of MAPK signaling pathways upon primarily Toll-like receptor-mediated recognition of parasites (17, 49, 58) . The MAPK signaling pathways also regulate inflammatory responses of other cells of the immune system that interact with DCs or are activated by DC-produced cytokines. As such, the MAPK pathways play crucial roles in a multitude of immunological processes, many of which contribute to both development of malaria immunity and severe pathogenesis. Thus, knowledge of how the MAPK signaling pathways regulate malaria-induced immune responses is likely to be valuable in developing a vaccine and/or immunomodulators for malaria. However, very little is known about the manner in which the MAPK pathways regulate various malaria-induced immune responses and how these responses contribute to malaria pathogenesis.
Although in this study, the two small-molecule inhibitors, PD and trametinib, efficiently inhibited ERK1/2, and trametinib also significantly inhibited p38 signaling at 5 days pi. Because PD did not inhibit p38 signaling, it is likely that the observed effects on immune responses to malaria are primarily due to the inhibition of the ERK1/2 signaling pathway. How- 
Figure 11. MEK1/2 inhibitor treatment reduces chemotaxis-dependent brain infiltration of immune cells in malaria-infected mice.
PbA-infected mice were treated i.p. with 3 mg of PD/kg body weight or vehicle daily starting at 6 h pi. A, cell numbers in the brain of PbA-infected mice at 6 days pi. The levels of PMNs and Ms, CCR2 ϩ Ms, CXCR2 ϩ PMNs, and CXCR3 ϩ CD4 ϩ and CD8 ϩ T cells infiltrated to the brain are shown. B, CCL5, CXCL1, and CXCL10 chemokine levels in brain homogenates analyzed by ELISA. C, images of the sections of brains from uninfected mice (UI), PbA-infected mice (PbA), and PbA-infected and PD-treated mice (PbA-PD) at 7 days pi stained for ICAM-1. D, ICAM-1 ϩ blood vessels in 20 microscopic fields of brain sections were counted and data plotted. E and F, brain cells were stained with antibodies against T cell markers, CD11a (LFA-1), and granzyme B. The stained cells were analyzed by flow cytometry. The gating of brain-infiltrated cells and the gating on cells expressing chemokine receptors, CD11a, and granzyme B are shown in supplemental Fig. S5 . E, infiltrated CD4 ϩ and CD8 ϩ T cell numbers per brain. F, percentage of granzyme ϩ CD8 ϩ T cells and the granzyme ϩ CD8 ϩ T cell number per brain. The data are representative of three or four independent experiments; n ϭ 3 mice/group in each experiment. Statistical analysis was performed by either one-way ANOVA with Newman-Keuls correction for multiple comparisons (D) or unpaired two-tailed t test (A, B, E, and F). Error bars, S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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ever, it is possible that both inhibitors exert effects on some other kinases of MAPK pathway to a certain degree, especially upon prolonged treatment. Therefore, we refrain from attributing the results solely to the inhibition of the ERK1/2 signaling pathway, but instead we cautiously ascribe our observations to the effects of these inhibitors.
This study has made several important novel observations on how immunological processes modulated by MEK1/2 inhibitor treatment prevent ECM pathogenesis. Importantly, the data presented here show that MEK1/2 inhibitor treatment positively regulates several malaria-induced immune responses that are involved in control of parasitemia, including B1 cell expansion, IgM production, expression of phagocytic receptors, and phagocytic activity of PMNs and Ms. This is evident from our findings that MEK1/2 inhibitor treatment substantially reduced parasitemia by enhancing phagocytic clearance of parasites through increased IgM production and phagocytic receptor expression. In addition, MEK1/2 inhibitor treatment negatively regulated pro-inflammatory, Th1, and cytotoxic T cell responses. Moreover, the MEK1/2 inhibitor treatment negatively regulated chemotaxis-dependent infiltration of immune cells, including cytotoxic CD8 ϩ T cells that are known to contribute to cerebral and also probably to other organ-specific malaria pathogenesis. Thus, collectively, our data support the conclusion that MEK1/2 inhibitors substantially reduce proinflammatory responses, infiltration of immune cells, and cytotoxic potential of CD8 ϩ T cells, preventing organ damage and dysfunction and, eventually, fatality. MEK1/2 inhibition is also likely to protect against other forms of serve malaria pathology.
One of the key novel findings here is that MEK1/2 targeting positively regulates malaria infection-induced expansion of B1 cells and IgM production, as indicated by the finding that MEK1/2 inhibitor treatment causes significantly increased production of IgM through the expansion of B1a and B1b B cells. IgM is known to control dissemination of various infections, including malaria (36) , and also plays an important role in the clearance of dead cells, limiting inflammatory and autoimmune responses. In malaria infection, in addition to IRBCs, there is accumulation of large numbers of uninvaded merozoites, erythrocyte debris, and hemozoin-containing digestive vacuoles (59) . PMNs and Ms that ingest IRBCs, merozoites, digestive vacuoles, and other parasite components undergo apoptotic death. All of these components need to be efficiently removed and degraded to prevent autoantibody production, pro-inflammatory responses, and their deleterious effects. IgM plays an important role in clearing debris, dead cells, immune complexes, and pathogens (36 -42, 60) . Consistent with this role of IgM, there were substantial levels of IgM-dependent phagocytosis of IRBCs by spleen and liver PMNs and Ms. These results also agree with the reported finding that P. chabaudi-infected IgM Ϫ/Ϫ mice exhibit reduced survival and increased parasitemia compared with wild-type mice (36) and that IgM-polarized LPS-activated murine DCs acquire a regulatory phenotype that suppresses inflammatory responses (61) . Thus, the rapid expansion of B1 cells, elevated levels of IgM, and increased IgM-and immune complex-dependent phagocytosis of IRBCs seen upon MEK1/2 inhibitor treatment indicate that MEK1/2-regulated immune responses to malaria significantly curtail the beneficial IgM-mediated immune responses required to avoid pathogenesis.
Another key novel finding of this study is that MEK1/2 inhibitors significantly increase the phagocytic capacity of PMN and Ms and the clearance of parasites by up-regulating phagocytic receptor expression. Thus, our findings demonstrate that MEK1/2-mediated immune responses contribute to severe malaria pathogenesis, because inefficient clearance of parasites results in high parasite burdens, leading to severe illnesses with adverse clinical outcomes (33, 48) . Malaria parasitemia is controlled mainly by phagocytic clearance of parasites, although other mechanisms contribute to a certain degree. In people who have acquired immunity to malaria, phagocytosis of IgGopsonized parasites mediates efficient clearance. However, in non-immune people, at early stages of infection, parasite clearance is restricted to scavenger receptor-, complement receptor-, and IgM-mediated phagocytosis. Thus, increased expression of several phagocytic receptors, including scavenger as well as various Fc and complement receptors, and elevated production of IgM are essential for the efficient control of parasitemia when malaria-non-immune individuals are infected. Thus, our findings demonstrate that targeting MEK1/2 enhances parasite clearance through increased phagocytic activity, contributing to protection against pathogenesis.
One more important finding of this study is that MEK1/2 inhibitors efficiently reduce the harmful inflammatory responses and promote the beneficial anti-inflammatory responses, preventing pathogenesis. The pathogenic immune responses down-regulated upon MEK1/2 inhibitor treatment include reduced pro-inflammatory cytokine production by DCs, DC-induced IFN-␥ production by NK and T cells, and development of cytotoxic CD8 ϩ T cells. MEK1/2 inhibition also reduced the infiltration of immune cells, including cytotoxic CD8 ϩ T cells, to the brain. TNF-␣ and IFN-␥ play important roles in CM pathogenesis by up-regulating the expression of adhesion molecules such as ICAM-1 on the brain endothelia, facilitating the adherence of immune cells, particularly LFA-1 ϩ T cells (8, 13) . TNF-␣ and IFN-␥ produced by myeloid and NK cells that have entered the brain are the initial inducers of chemokines such as CXCL1, CCL5, CXCL9, and CXCL10 by the brain endothelia (14, 51, 62) . The chemokines play critical roles in CM pathogenesis by promoting infiltration of immune cells, which express chemokine receptors, such as CXCR2, CCR2, and CXCR3. CD4 ϩ T cells that initially move to the brain produce IFN-␥, promoting further infiltration of CD4 ϩ T and CD8 ϩ T cells in a cooperative feed-forward manner. This amplifies CXCL9 and CXCL10 production and augments the infiltration of CXCR3 ϩ pathogenic CD8 ϩ T cells into the brain (15, 51) . Accumulation of CD8 ϩ T cells in the brain causes CM pathology. The expression of ICAM-1 in the vascular bed was significantly decreased upon PD treatment, as were the levels of infiltrated myeloid cells, chemokines, chemokine receptor-positive cells, and LFA-1 ϩ T cells. Overall, these data support the notion that the inhibitors of MEK1/2 significantly down-regulate inflammatory immune responses that augment malaria pathogenesis and up-regulate anti-inflammatory responses.
The beneficial modulated immune responses observed in PD-treated infected mice are mainly the multifactorial output Targeting MEK1/2 prevents malaria pathogenesis of MEK1/2-regulated immune responses of DC-NK and DC-T cell cross-talk. Activated DCs shape the innate and adaptive immune responses by inducing their function-specific responses in cells such as NK and T cells. Furthermore, cytokines, such as IL-12, IFN-␥, IL-10, and IL-4, also strongly modulate responses by DCs, NK cells, and T cells, resulting in a cytokine-mediated feedback loop, contributing to the responses by the immune cells. Given this and the observation that PD treatment directly modulates DC and NK and T cell responses, the data presented here indicate that MEK1/2 inhibitor treatment regulates malaria parasite-induced cytokine responses directly by targeting various cells of the innate and adaptive immune systems and indirectly by regulating the cytokine-induced secondary responses.
In summary, the results presented here show that inhibitors of MEK1/2 block severe malaria pathogenesis by differentially regulating the detrimental and beneficial immune responses. Specifically, MEK1/2 inhibitor treatment reduces (a) malaria parasite burden by promoting B1 cell expansion and IgM production, phagocytic receptor expression, and phagocytic activity of Ms PMNs; (b) pro-inflammatory responses and expression of chemotactic mediators and endothelial cell adhesion molecules; and (c) infiltration of immune cells and cytotoxic effector functions of CD8 ϩ T cells, which cause BBB damage and pathology. Thus, we conclude that MEK1/2-mediated signaling plays crucial roles in malaria-induced immune responses that promote malaria pathogenesis, and MEK1/2 are promising targets for developing treatment strategies for malaria. Additionally, considering that excessive inflammatory responses contribute to disease pathogenesis, our results have important implications for other pathogenic infections and inflammationdriven diseases.
Experimental procedures
Reagents PD98059 and trametinib were purchased from LC Laboratories (Woburn, MA). ELISA kits for analysis of TNF-␣, IFN-␥, IL-10, CCL5, CXCL1, and CXCL10 were from R&D Systems (Minneapolis, MN). DMEM and RPMI 1640 medium were from Mediatech (Manassas, VA). Penicillin/streptomycin solution and the CellTrace TM CFSE cell proliferation analysis kit were from Invitrogen. FBS was from Atlanta Biologicals (Lawrenceville, GA). Collagenase D was from Roche Applied Science (Mannheim, Germany). CpG oligodeoxynucleotide 1826 (referred to as CpG) was from Coley Pharmaceuticals (Kanata, Canada). Nonessential amino acids, sodium pyruvate, and 2-mercaptoethanol for cell culturing and Percoll were from Sigma-Aldrich. Anti-mouse CD11c (clone N418) antibody-, antihuman/mouse CD11b antibody-, and anti-mouse CD90.2-conjugated MicroBeads for the isolation of DCs, Ms, and T cells, respectively, and NK cell isolation kit II were from Miltenyi Biotec (Auburn, CA). The mouse immunoglobulin isotype kit was from BD Biosciences. Phospho-specific anti-mouse ERK1/ ERK2 (mouse monoclonal), p38 (rabbit polyclonal), JNK (rabbit monoclonal), and C-Jun (rabbit monoclonal) antibodies; rabbit polyclonal antibodies against ERK1/ERK2, p38, and JNK; and horseradish peroxidase-conjugated goat anti-mouse IgG and goat anti-rabbit IgG were from Cell Signaling Technology, Inc. (Danvers, MA). Rabbit polyclonal antibody against c-Fos was from Santa Cruz Biotechnology, Inc. (Dallas, TX).
Antibodies
The following anti-mouse antibody conjugates were used for cell staining: FITC-and APC-eFluor 780-anti-CD5 (clone 53-7. 
Mice, malaria infection, and treatment with MEK1/2 inhibitors
10 -12-week-old gender-matched C57BL/6 WT mice bred in-house, fed routinely with a regular-fat level (6.2%) diet but not high-fat (9.0%) diet, were used. Mice were infected with PbA strain by injection i.p. of blood containing 5 ϫ 10 5 IRBCs from donor mice in 100 l of saline. The parasites were obtained from Bei Resources-ATCC (Manassas, VA). For treatment with PD, a fresh 25-mg/ml stock solution in cell culture grade DMSO was prepared, aliquoted for daily use, and stored in the dark at Ϫ20°C. The aliquots were diluted with saline and DMSO to obtain 30 -40% final DMSO concentration, and 100 l of solutions containing 3 mg of PD/kg body weight were administered i.p. Mice were treated daily starting at 6 h pi until 7 days pi. In the case of trametinib, a fresh 10-mg/ml stock solution in DMSO was prepared, aliquots were stored in the dark at Ϫ20°C. The aliquots were diluted with saline containing sterile 0.5% hydroxymethyl cellulose and 0.2% Tween 80, and 100 l of solution containing 5 mg of trametinib/kg body weight was administered orally daily starting at 6 h pi until 7 days pi. In both treatments, the vehicle-treated mice were used as controls.
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The growth of parasites in mice was assessed on alternative days starting from days 2 pi by the light microscopic examination of Giemsa-stained thin blood smears. The control mice exhibited maximal CM symptoms on 7 and 8 days pi, and the majority died at 7-9 days pi. Mice were monitored twice daily for CM clinical symptoms: ataxia, limb paralysis, seizures, coma, and lack of sensory and motor functions. For each of these clinical symptoms, a score of 0, 1, or 2 was given, depending upon whether mice had no symptoms or exhibited a moderate or high level of symptoms, respectively. These scores were added to define the CM status; thus, mice exhibiting no symptoms received an overall score of 0, whereas those exhibiting maximal symptoms in all categories received a score of 10. The overall clinical score of each mouse was plotted.
Ethics statement
The animal care and experiments were performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The institutional animal care and use committee of the Pennsylvania State University College of Medicine approved the animal experimental protocols (approval 46661).
The human blood and plasma were purchased from the Blood Bank, Hershey Medical Center (Hershey, Pennsylvania). The institutional review board of the Pennsylvania State University College of Medicine (Hershey, Pennsylvania) approved the study (approval HY03-261).
Assessment of brain vascular leakage
When vehicle-treated mice exhibited peak ECM symptoms (7 days pi), 200 l of 0.5% Evans blue in sterile saline was administered i.v. to PD-treated, vehicle-treated, and uninfected mice. Evans blue binds to albumin, which enters brain tissue if vascular damage has occurred and the BBB is disrupted (63) . After 1 h, mice were euthanized and perfused with PBS. Brains were removed, weighed, and photographed, Evans blue-albumin that intercalated into the brains was extracted by incubating with 0.5 ml of N,N-dimethylformamide overnight at 55°C. The extracts were centrifuged in a microcentrifuge at 4,000 rpm, and the absorption of the supernatants was measured at 610 nm. The amount of dye in the brain was quantified against a standard curve generated using known concentrations of Evans blue.
H&E staining and assessment of brain pathology
Brains of uninfected and PD-and vehicle-treated mice at 7 days pi were fixed with 4% paraformaldehyde and embedded in paraffin, and 4-m sections on glass slides were deparaffinized and stained with H&E dye. The stained sections were assessed under light microscopy for pathological features, including sequestered parasites, IRBCs, infiltrated lymphocytes, blood coagulation, swollen and damaged blood vessels, and condensed neuronal cells.
Analysis of ICAM-1 expression
Deparaffinized, 4-m-thick sections of formalin-fixed brains on glass slides, prepared as above, were treated with 3% hydrogen peroxidase solution to inhibit endoperoxidase activity. The sections were blocked with 5% nonfat milk in Tris-buffered saline, pH 7.6, treated successively with 1:25-diluted rat antimouse monoclonal ICAM-1 antibody (e-Biosciences, San Diego, CA), 1:500-diluted biotinylated goat anti-rat Ig (BD Biosciences), and 1:150-diluted HRP-conjugated streptavidin (KPL, Gaithersburg, MD). The bound antibodies were visualized by using 3,3Ј-diaminobenzidine color developing reagent. The sections were counterstained with Giemsa, mounted, and visualized under light microscopy. The numbers of ICAM-1-positive vessels in 20 randomly selected fields were counted for each mouse, and the mean values Ϯ S.E. were plotted.
P. falciparum culturing
P. falciparum (3D7 strain), obtained from Bei Resources-ATCC (Manassas, VA), were cultured using O-positive human erythrocytes in RPMI 1640 medium containing 10 -20% human O-positive plasma as described previously (64) . The culture was synchronized by using 5% sorbitol and was tested for mycoplasma using a Myco Sensor Assay kit from Stratagene (La Jolla, CA). Human O-positive blood and plasma were from The Blood Bank, Hershey Medical Center, as per the protocols approved by the institutional review board of the Hershey Medical Center.
Isolation of IRBCs
P. falciparum cultures at the late trophozoite and schizont stages were harvested by centrifuging at 250 ϫ g for 5 min (17) . The cell pellets suspended in RPMI 1640 were centrifuged at 1200 ϫ g for 15 min on 65% Percoll cushions. The IRBCs on the top of Percoll cushions were collected and washed with RPMI 1640. For isolation of PbA-IRBCs, blood from the infected mice was diluted with 2 volumes of PBS, pH 7.4, and centrifuged on Isolymph (CTL Scientific Supply, Deer Park, NY) at 1200 ϫ g for 15 min. The cell pellets were suspended in 2 volumes of PBS and centrifuged on 70% Percoll cushions at 1200 ϫ g for 15 min. The IRBCs on the top of Percoll cushions were collected and washed with PBS.
Lysates of the enriched PbA IRBCs were prepared by alternative freezing and thawing and then sonication in a water bath sonicator for 5 min. The lysates were centrifuged at 13,000 rpm in a microcentrifuge for 10 min. The clear supernatants were collected and protein contents were determined by using the Pierce micro-BCA protein estimation kit (Thermo Scientific, Rockford, IL). The supernatants were used for parasite-specific IgM analysis of sera by ELISA (outlined below).
Assessment of the effect of PD on P. falciparum growth
The effect of PD on P. falciparum growth was assessed by a SYBR Green assay (65) . Aliquots of a 100 mM stock solution of PD were 1:2 serially diluted with DMSO, and aliquots of these solutions were further diluted with RPMI 1640 medium to obtain 62-4000 M solutions. The ring stage parasites at 0.2% parasitemia and 2% hematocrit in 180 l of medium containing 5% Albumax II (Life Technologies, Inc.) were dispensed into 96-well plates and treated in triplicate with 20 l of the diluted PD solutions to obtain final concentrations ranging from 6.2 to 400 M. The final concentration of DMSO in each well was Ͻ0.4%. Chloroquine, the drug that can completely inhibit the Targeting MEK1/2 prevents malaria pathogenesis parasite growth, was used as a control. The plates were incubated at 37°C, and after 72 h, to each well was added 100 l of 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.008% saponin, and 0.08% Triton X-100 containing 0.2 l/ml SYBR Green I (Life Technologies). The plates were incubated in the dark at room temperature for 1 h, and the fluorescence intensity was measured using a plate reader at excitation and emission wavelengths of 485 and 535 nm, respectively. The absorption values were expressed as relative fluorescence units.
Assessment of the effect of PD on PbA growth
Blood from PbA-infected mice was collected in a 25-gauge needle containing 50 l of 1 mg/ml heparin and centrifuged, and erythrocyte pellets were washed with RPMI 1640. The cells (3% parasitemia) were suspended in medium containing 25% fetal calf serum incubated in 96-well plates at 2% hematocrit in the presence of 12, 24, and 48 g/ml PD at 37°C. Untreated cells or cells treated with 400 ng/ml chloroquine were used as a control. After 24 h, thin smears of cells on glass slides were prepared and stained with Giemsa, and parasites were assessed under light microscopy.
Analysis of spleen cells
Spleens were disrupted in ice-cold PBS or DMEM with plungers and treated with 1 mg/ml collagenase D at 37°C for 30 min. The tissue was crushed and centrifuged at 300 ϫ g. The pellets were suspended in RBC lysis buffer, pH 7.4, containing ammonium chloride for 3 min with occasional shaking and then diluted with incomplete DMEM. The cell suspensions were passed through 70-m strainers and centrifuged at 300 ϫ g. The cells were suspended in incomplete medium and used for the analysis of PMNs, M, DCs, B1 B cells, NK cells, T cells, and CFSE ϩ phagocytosed cells by flow cytometry after staining with antibodies against appropriate cell surface markers and intracellular proteins.
Isolation of spleen myeloid and T cells
To isolate CD11c ϩ and CD11b ϩ cells, total spleen cells were stained with anti-mouse CD11c and anti-human/mouse CD11b microbeads, respectively, and then passed through magnetic columns. The bound cells were recovered. T cells were similarly isolated using anti-CD90.2 antibody-conjugated microbeads. The CD11c hi MHCII hi NK1.1 Ϫ CD3⑀ Ϫ CD19 Ϫ DCs were purified from CD11c ϩ spleen cells by FACS sorting.
Isolation of liver cells
Mouse livers were flushed with 10 ml of ice-cold PBS, crushed, and treated with 1 mg/ml of collagenase D at 37°C. After 30 min, the cells were suspended in PBS, filtered through a 70-m strainer, and centrifuged at 300 ϫ g for 15 min. The cell pellets suspended in 40% Percoll in PBS were layered on 70% Percoll cushions, and centrifuged at 1200 ϫ g for 15 min. The cell layers on the top of 70% Percoll were collected and washed with PBS, pH 7.2, containing 1% BSA. PMNs, Ms, Kupffer cells, and CFSE ϩ phagocytosed cells were analyzed by flow cytometry after staining with antibodies against cell surface marker proteins. The total liver cells isolated as above were also used for the isolation of NK and phagocytic cells by using the mouse NK cell isolation kit and anti-human/mouse CD11b microbeads from Miltenyi Biotec, respectively.
Analysis of brain-infiltrated immune cells
Brains were flushed with ice-cold PBS, crushed, suspended in PBS, and treated with 1 mg/ml collagenase D at 37°C for 30 min. The cell suspensions were centrifuged at 300 ϫ g, and the cell pellets were suspended in 40% Percoll in PBS and layered on 70% Percoll cushions. After centrifugation at 1200 ϫ g, the cell layers on the top 70% Percoll were collected, washed with PBS, and used for the analysis of PMNs, inflammatory Ms, and T cells by flow cytometry after staining with antibodies against cell surface marker and intracellular proteins.
Analysis of IRBC phagocytosis
The purified PbA IRBCs, suspended in 1 ml of PBS, were stained with either 2 M CFSE (in vivo phagocytosis analysis) or 0.5 M CFSE (in vitro phagocytosis assay) at room temperature. After 10 min, 200 l of FBS was added, and cells were washed 3 times with PBS. The CFSE-labeled IRBCs (ϳ2.5 ϫ 10 7 ) were injected i.v. into mice at 4 days pi. After overnight, spleen and liver cells, prepared as above, were stained with antibodies against surface markers of PMNs and Ms, and CFSE ϩ cells were analyzed by flow cytometry for IRBC uptake.
For the analysis of IRBC phagocytosis in vitro, the CFSElabeled PbA IRBCs were treated with 1:10 diluted serum from vehicle-treated (control) and PD-treated mice at 5 days pi. The IRBCs were incubated with CD11b ϩ cells (isolated by using CD11b-conjugated magnetic beads) from spleen and liver of mice at 4 days pi at 1:10 ratios. To access the receptor-mediated phagocytosis, liver CD11b ϩ cells were treated with 5 g/ml of either anti-Fc␣/R or anti-CR1/CR2 antibody for 15 min before they were cocultured with CFSE-labeled IRBCs. After 2 h, cells were stained with antibodies against marker proteins of PMN and Ms, and CFSE ϩ cells were analyzed by flow cytometry.
Flow cytometry
Total spleen, liver, and brain cells from infected or uninfected mice were treated with Fc block (anti-mouse CD16/32 antibody) for 10 min. The cells were then stained at 4°C with antibodies against surface marker proteins for 20 min and analyzed by flow cytometry. For analyzing Fc␥II/IIIR expression, cells were first stained with FITC-labeled anti-mouse CD16/32 antibody and then with antibodies against marker proteins and analyzed by flow cytometry.
For analysis of intracellular proteins, cells were first surfacestained for marker proteins, fixed with 2% paraformaldehyde for 20 min at room temperature, and stained with antibodies against the proteins in PBS containing 1% BSA and 0.5% saponin at room temperature for 35 min. For cytokine analysis, the total spleen cells (1 ϫ 10 7 /well) were cultured in 24-well plates for 6 h in the presence of GolgiPlug and then treated with Fc Block. The cells were then surface-stained with marker proteins, fixed with 2% paraformaldehyde, stained with antibodies against indicated cytokines, and analyzed by flow cytometry. In all cases, flow cytometry analyses were performed with BD LSRII, and the data were analyzed by using FlowJo software.
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Analysis of brain chemokines
The brains were suspended and disrupted in ice-cold PBS containing 10 l/ml of Halt TM Protease and Phosphatase mixture (Pierce/Thermo Scientific) and homogenized by alternatively freezing and thawing three times. The homogenates were centrifuged at 20,800 ϫ g, and supernatants were analyzed for chemokines by ELISA.
Preparation of FL-DCs
The DCs were prepared by culturing mouse bone marrow cells in 6-well plates with DMEM complete medium containing 15% of FLT3 ligand-containing DMEM for 7 or 8 days (17) . The FLT3 ligand-containing conditioned medium was prepared by culturing B16 cells expressing retrovirus-encoded FLT3 ligand (66) in DMEM supplemented with 10% FBS, 1% penicillinstreptomycin, non-essential amino acids, 1 mM sodium pyruvate, and 50 M 2-mercaptoethanol in roller flasks at 37°C for 4 -5 days.
Cell stimulation
To determine malaria parasite-induced DC activation and cytokine production, FL-DCs in 24-well plates (5 ϫ 10 5 cells/ well), either untreated or pretreated with 20 M PD for 1 h, were stimulated with P. falciparum IRBCs (2 ϫ 10 6 /ml). After 24 h, DCs were stained with antibodies against cell surface markers and analyzed for co-stimulatory molecules by flow cytometry. To assess cytokine responses, FL-DCs in 96-well plates (1 ϫ 10 5 cells/well) were similarly treated with PD and IRBCs. Cytokines secreted into the culture supernatants were analyzed by ELISA.
To analyze the effect of PD on ex vivo DC-induced production of cytokines by NK cells, spleen DCs (1 ϫ 10 5 cells/well) from PD-treated and vehicle-treated infected mice at 4 days pi were cocultured with NK cells (5 ϫ 10 4 cells/well) from uninfected mice in 96-well U-bottomed plates. The cells were stimulated with 2 g/ml CpG ODN. Wells containing either DCs or NK cells alone were used as controls. After 36 h of culturing, cytokines in the culture supernatants were measured by ELISA.
To determine the effect of PD on the ability of IRBC-stimulated DCs to induce the production of cytokines by NK cells, FL-DCs (1 ϫ 10 5 cells/well) and NK cells (5 ϫ 10 4 /well) from uninfected mice, either untreated or pretreated with 20 M PD for 1 h, were cocultured in 96-well U-bottomed plates, stimulated with P. falciparum IRBCs (2 ϫ 10 6 /ml). Wells containing either DCs or NK cells alone were used as controls. After 36 h of culturing, cytokines in the culture supernatants were measured by ELISA.
To determine the effect of PD on stimulus-induced responses, spleen T cells from uninfected mice were either untreated or treated with PD and then stimulated with anti-CD3⑀ antibody coated on plates at 5 g/ml and with soluble anti-CD28 antibody at 2 g/ml for 72 h. The cells were surfacestained with anti-CD69 antibody and analyzed by flow cytometry. For cytokine analysis, the antibody-stimulated cells were treated with 20 ng/ml PMA, 500 ng/ml ionomycin in the presence of Golgi block for 6 h, fixed, stained with anti-cytokine antibodies, and analyzed by flow cytometry. To determine T cell proliferation by the dye dilution method, CFSE-labeled T cells were similarly activated and analyzed by flow cytometry.
Serum IgM analysis
The sera from PD-and vehicle-treated mice were analyzed for total IgM and parasite-specific IgM by using a mouse Igisotyping ELISA kit from BD Biosciences. To measure total IgM levels, 96-well plates were coated with 1:5-diluted rat antimouse IgM monoclonal antibody, blocked with 1% BSA in PBS, pH 7.2, and incubated with 1:10,000-diluted sera from control and PD-treated mice. The bound IgM was measured by using 1:100-diluted HRP-conjugated rat anti-mouse Ig and Sure-Blue TM TMB peroxidase substrate solution (KPL, Gaithersburg, MD). The reaction was stopped by adding 2 N H 2 SO 4 , and absorbance at 450 nm was measured. To measure parasite-specific IgM, 96-well plates were coated with a lysate (20 g/ml protein) of PbA IRBCs, blocked with 1% BSA, and incubated with 1:100-diluted sera from control and PD-treated mice. The bound IgM was measured by using rat anti-mouse IgM monoclonal antibody followed by HRP-conjugated goat anti-rat IgG (KPL, Inc., Gaithersburg, MD). The color development was as outlined above. Analysis was performed in duplicate.
Western blotting
Spleens from uninfected and vehicle-, PD-, and trametinibtreated mice at 1, 3, and 5 days pi were lysed with radioimmune precipitation buffer and centrifuged, and the protein content in the supernatants was estimated by the BCA method. Aliquots of lysates containing 30 g of protein/gel lane were electrophoresed on 1.5-mm-thick 10% SDS-polyacrylamide gels under reducing conditions. The protein bands on gels were electroblotted onto nitrocellulose membranes, and the membranes were blocked with 5% nonfat dry milk and probed with antibodies against ERK, p38 JNK, c-Jun, and c-Fos and phospho-specific ERK, p38, and JNK.
Statistical analysis
Statistical analyses of data were performed using GraphPad Prism version 6.01. Statistical significance for the differences in the data from the control and experimental groups was determined by one-way ANOVA followed by the Newman-Keuls test (for results shown in Figs. 1D, 3, 5 (A, C , and D), 6, 8 (B, D, and E), 9, and 11D), by two-way ANOVA followed by Newman-Keuls test (Fig. 5E ), or unpaired two-tailed t test (Figs. 2 (C and F), 4, 7, 8C, 10, and 11 (A, B, E, and F) ). Mouse survival data were analyzed by log-rank (Mantel-Cox) test (Fig. 2, B and E) . The results are presented as the mean Ϯ S.D. or S.E. p values Ͻ 0.05 were considered statistically significant. The number of animals assigned to each group and the number of independent repetitions of experiments are given in the figure legends.
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